Perineural invasion is a phenotype in which cancer surrounds or invades the nerves. It is associated with poor clinical outcome for head and neck squamous cell carcinoma and other cancers. Mechanistic studies have shown that the molecular crosstalk between nerves and tumor cells occurs prior to physical interaction. There are only a few in vivo models to study perineural invasion, especially to investigate early progression, before physical nerve-tumor interactions occur. The chick chorioallantoic membrane model has been used to study cancer invasion, because the basement membrane of the chorionic epithelium mimics that of human epithelial tissue. Here we repurposed the chick chorioallantoic membrane model to investigate perineural invasion, grafting rat dorsal root ganglia and human head and neck squamous cell carcinoma cells onto the chorionic epithelium. We have demonstrated how this model can be useful to evaluate the ability of cancer cells to invade neural tissue in vivo.
Introduction
Perineural invasion (PNI) is an understudied phenotype in cancer, which is associated with high disease recurrence and poor survival in patients with head and neck squamous cell carcinoma (HNC) 1 . PNI is defined microscopically as tumor cells within or surrounding the nerves 2, 3 . When PNI is detected, patients are likely to receive adjuvant therapies such as elective neck dissection and/or radiation therapy 4, 5 . However, these therapies are aggressive, and not PNI-specific. In fact, there is no therapy to block PNI, primarily because the mechanisms underlying nervetumor interactions are still poorly understood. Different molecular mechanisms have been implicated in nerve-tumor attraction; tumors and stromal cells release neuropeptides and growth factors to promote neuritogenesis 6, 7 . When cultured together in vitro, HNC cells and dorsal root ganglia (DRG) both have a robust response; effects on tumor cell invasion and neuritogenesis can be seen after a few days in culture 6, 8, 9 . However, there is a lack of appropriate in vivo models to recapitulate tumor-nerve interactions prior to invasion. Here we present an in vivo PNI model to study early interactions between HNC cells and nerves 6 . We adapted the chick chorioallantoic membrane (CAM) model to include a neural component, grafting a DRG in the CAM, followed by a graft of cancer cells to mimic an innervated tumor microenvironment.
The CAM model has been used successfully to assess the invasion of cells through the basement membrane, mimicking early invasive stages of carcinomas and melanoma 10, 11, 12 . The CAM is comprised of upper chorionic epithelium, intervening mesenchyme, and lower allantoic epithelium. The chorionic epithelium is structurally similar to human epithelium 10, 13 in that the collagen-IV-rich basement membrane simulates the basement membrane that separates the oral epithelium from the underlying connective tissue. Since the first tumor grafts were performed in the CAM in 1913 14 , many adaptations of the method were developed to allow for the assessment of angiogenesis 15, 16, 17 , tumor progression, and metastasis 18 . Importantly, the technique of grafting tumors onto the CAM has changed very little, but the applications are continuously evolving. Assays of increasing complexity have been published, including drug screening 19 , bone tissue engineering 20 , and nanoparticle-based anticancer drugs 21 .
Our laboratory uses a CAM-DRG model in which a mammalian DRG is isolated and grafted onto the surface of the upper CAM. After the DRG becomes incorporated in the CAM, HNC cells are grafted near the DRG and allowed to interact with the DRG before the entire in vivo system is harvested and analyzed. Importantly, the system allows ex-vivo visual observation of both the DRG and tumor by fluorescence labeling of DRG and tumor cells. This protocol comprises multiple steps with different levels of complexity performed within 17 days, from incubating eggs to harvesting the CAM (Figure 1) . Cells expressing different proteins of interest can be tested in this model to elucidate the molecular pathways responsible for nerve invasion in cancer, and also for screening drugs to directly target neural invasion. Cells pre-treated with a candidate drug 6. Place the egg in the light source to visualize the air sac. Apply pressure to an eyedropper rubber bulb and place it in the small perforation made in the air sac area (step 3.4). Release pressure in the bulb until you see separation of the two membranes in the operating window area ( Figure 3G ); repeat this step as many times as you need to achieve complete separation of the membranes in the operating window area. 7. Repeat steps 3.1-3.6 for all eggs. 8. Using the same drill as in step 3.3, drill the circular operating window being careful not to rupture the outer egg shell membrane ( Figure 3H ).
Clean the egg surface by gently sticking an adhesive tape to remove all loose particles. 9. With blunt forceps, remove the egg shell from the drilled area ( Figure 3I-J) . Next, with the same forceps, remove the outer egg shell membrane ( Figure 3K ), being careful not to introduce small shell particles inside the egg to minimize contamination. 10. Identify the CAM approximately at 1 cm depth from the egg surface. Cover each opened egg temporarily with paraffin wax membrane to avoid contamination ( Figure 3L ). 11. Repeat steps 3.8-3.10 for all the eggs. Place the eggs back in the egg incubator without rotation until the DRGs are ready for grafting.
Grafting DRG on the CAM (estimated timing: 40 min, day 8)
1. Prepare a 6 cm culture dish with HBSS medium, to wash the DRGs before implantation. Bring the prepared eggs to the cell culture laminar flow cabinet. Remove the paraffin membrane from the egg ( Figure 4A ). 2. With fine sterile forceps, gently grasp one DRG from inside the culture medium. Dip it into the HBSS medium to remove the excess medium that contains the fluorescent dye. Hold the DRG very gently; otherwise, it will stick to the forceps. 3. Place the DRG on the CAM, being careful not to puncture the membrane (Figure 4B-C) . If necessary, use another pair of forceps to help detach the DRG from the tip of the forceps when placing it on the CAM. NOTE: Keeping the DRG wet with HBSS medium will also facilitate detachment from the forceps. 4. Cover the egg with a sterile transparent film dressing. Cover all the windows and punctures made in the egg shell to avoid bacterial contamination ( Figure 4D ). 5. After grafting DRGs in all eggs, incubate the eggs in a humidifying incubator at 38 °C and 54% humidity for 2 days, without rotation. 
Grafting tumor cells on the CAM (estimated timing
:
Harvesting the CAM (estimated timing: 1 h for dozen eggs, day 17)
Rotate the egg quickly sideways to be able to see a long vessel attached to the egg membrane. 
Discussion
The CAM-DRG in vivo model presented here addresses the deficits of previous models by demonstrating nerve-tumor interaction before physical invasion of the nerve by tumor cells. Most in vivo studies of PNI focus on tumor spread and inhibition of motor function, and depend upon direct injection of tumor cells into sciatic nerves 23, 24, 25 . The sciatic nerve injection is an in vivo model of PNI where cancer cells are injected into a mouse or rat sciatic nerve where the tumor subsequently grows. Injection models are useful to show destructive tumor progression and pain resulting from tumor cells within nerves. The sciatic nerve model is also suitable for the study of factors that allow cancer cells to thrive in the nerve but lacks the ability to evaluate the early phase of PNI, because it introduces cells directly into the nerve, bypassing nerve sheaths. In a different approach, surgically implanted orthotopic tumor grafts were used to characterize the importance of adrenergic and cholinergic nerve fibers in promoting prostate cancer progression, thus suggesting a prominent role of nerves in tumor progression 26 . This model consisted of chemical ablation of murine sympathetic and parasympathetic nerves. The parasympathetic fibers infiltrated tumor tissues, a process related to PNI, but the model was not specifically used to assess physical interactions between the nerve and tumor. The CAM-DRG model allows investigation of interactions between the nerve and cancer during PNI. Furthermore, murine models are expensive and time-consuming when compared to the CAM model. We suggest using the CAM-DRG model for mechanistic studies of PNI.
Some advantages to the CAM-DRG approach include assessment of PNI and other phenotypes, such as tumor growth, metastasis, and angiogenesis. Identification of human DNA on the lower CAM and/or in the liver can be used for detection of metastasis of human cancer cell lines 10 , a more sensitive experimental approach compared to tissue sectioning and staining, which may not reveal small metastases.
The CAM-DRG method has some limitations, including the short observation time frame. The immune system of the embryo is physiologically active by day 18 27 , when rejection and an inflammatory process may take place, limiting the experimental time. It is also important to consider the distance when grafting tumor cells close to the DRG; larger DRG-cancer distances might impair the molecular interactions between tumor cells and nerve, or could delay the physical contact between both components of the model. Also, if the embryos are older than stipulated in this protocol, embryo movements might displace the tumor cells. Therefore, it is important to use eggs consistent with day 10 post-fertilization for cell grafting.
Since the immune system is not fully developed before day 18 27 , the tumor microenvironment in the CAM is similar to that of the immunosuppressed murine models often used for cancer studies. Therefore, this model is not useful to assess the role of immune cells in tumor progression. Another limitation is the restricted availability of reagents for chicken species, such as antibodies, cytokines and primers.
Accurately performing this protocol requires practice; however, it can be done by a laboratory member without need for a specialized core facility. Drilling of the egg shell requires training. Practicing on grocery (non-fertilized) eggs is recommended before attempting this model for the first time. High embryonic survival and success of the model can be achieved if some critical steps to avoid infection are followed: appropriate antibiotic prophylaxis of DRGs in 2% Pen/Strep, working in a laminar flow cabinet, and avoiding dispersion of egg shell particles onto the CAM. It is also crucial to keep stable humidity during the total egg incubation time. We recommend increasing the number of eggs per group until the technique is mastered. The most frequent problems for inexperienced laboratory personnel are egg contamination and inaccurate technique for cell grafting.
DRG harvesting also requires training; practice in harvesting DRGs for in vitro experiments 8 before attempting the in vivo model is recommended. The in vitro DRG culture is an opportunity to optimize conditions and improve technique to shorten the duration of DRG extraction. Special attention to harvesting technique is required when grasping the DRG with forceps. The DRG should not be held directly; pressure should be applied underneath it. We recommend the use of magnifying lens to better visualize the DRG during extraction.
Importantly, when performing this model for the first time, all conditions should be optimized for the desired cell line. This model was optimized for rat DRG and the HNC cell line UM-SCC-1. The use of mouse DRG and other cancer cell types may require optimization. With a higher concentration of grafted cells, tumors tend to grow thicker and stiffer, which facilitates tumor measurements. Taking into consideration multiple eggs for each group and an appropriate concentration of cells for each egg, several million cells may be required for each experiment. To facilitate planning, knowledge of the doubling time of the cells should be taken into consideration. For some critical steps in this protocol, a troubleshooting table is provided ( Table 1) .
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